In starving Bacillus subtilis cells, the accDA operon encoding two subunits of the essential acetyl-CoA carboxylase (ACC) has been proposed to be tightly regulated by direct binding of the master regulator Spo0A to a cis element (0A box) in the promoter region. When the 0A box is mutated, biofilm formation and sporulation have been reported to be impaired. Here, we present evidence that two 0A boxes, one previously known (0A-1) and another newly discovered (0A-2) in the accDA promoter region are positively and negatively regulated by Spo0A~P respectively. Cells with mutated 0A boxes experience slight delays in sporulation, but eventually sporulate with high efficiency. In contrast, cells harboring a single mutated 0A-2 box are deficient for biofilm formation, while cells harboring either a mutated 0A-1 box or both mutated 0A boxes form biofilms. We further show that the essential ACC enzyme localizes on or near the cell membrane by directly observing a functional GFP fusion to one of the enzyme's subunits. Collectively, we propose a revised model in which accDA is primarily transcribed by a major r A -RNA polymerase, while
Introduction
The synthesis of malonyl-CoA from precursor molecules acetyl-CoA and CO 2 is the first committed step of fatty acid synthesis (Cronan and Waldrop, 2002; Broussard et al., 2013) . The enzyme responsible for this key reaction is Acetyl-CoA carboxylase (ACC), which is an essential enzyme strictly conserved in all organisms, from bacteria to humans (Cronan and Waldrop, 2002; Broussard et al., 2013; Wang et al., 2015) . In bacteria, ACC is composed of four subunits, which assemble into three functional units; a homodimeric biotin carboxylase (BC), a biotinylated biotin carboxyl carrier protein (BCCP) and an a2b2 heterotetrameric carboxyltransferase (CT) (Cronan and Waldrop, 2002) . The resulting three functional units form the multifunctional ACC holoenzyme.
In Bacillus subtilis, BC and BCCP are encoded by two consecutive genes accB and accC in a single operon, while the b-and a-subunits of CT are encoded by accD and accA in another operon (Cronan and Waldrop, 2002) . In growing B. subtilis cells under nutrient rich conditions, RNA polymerase containing the primary sigma factor r A transcribes many genes which code for proteins essential to cell function for growth (Haldenwang, 1995; Kroos and Yu, 2000) . Accordingly, these two essential operons appear to be transcribed by the housekeeping r A -RNA polymerase (Pedrido et al., 2013) . In contrast, upon nutrient starvation, B. subtilis cells switch on gene expression programs that promote transition from growth to starvation for survival (Hoch, 1993; Kroos and Yu, 2000) . The master transcriptional regulator Spo0A is responsible for shifting the gene expression program to accommodate the transition from growth to starvation (Hoch, 1993; Grossman, 1995) . In starving B. subtilis cells, Spo0A is activated by phosphorylation through a four-component phosphorelay composed of the sporulation kinase KinA, two intermediate phosphotransferases Spo0F and Spo0B, and Spo0A in a HisAsp-His-Asp signaling pathway in this order (Burbulys et al., 1991) .
Transcription of the spo0A gene is also subject to positive feedback regulation by its own activated product (phosphorylated Spo0AP) both directly and indirectly (Fujita and Sadaie, 1998) . The spo0A gene possesses two promoters, one (Pv) under the direction of the primary sigma factor r A and another (Ps) recognized by stationary phase, in addition to the r A -directed transcription from the Pv promoter, the Ps promoter is activated by Spo0AP and r H -RNA polymerase, leading to increased expression of Spo0A (Chibazakura et al., 1991) . Furthermore, the gene for r H (sigH) is also positively regulated by Spo0AP in an indirect manner (Strauch and Hoch, 1993; Fujita and Sadaie, 1998) . Through these various feedback mechanisms, the cellular concentration of Spo0AP increases gradually over the course of starvation, eventually leading to asymmetric cell division, a hallmark of sporulation Chastanet et al., 2010; Chastanet and Losick, 2011) . Importantly, the gradual increase starts prior to the asymmetric division event and, once divided, continues in the mother cell (large compartment of sporangium) but not in the forespore (small compartment of sporangium) . Spo0AP controls over 120 genes which have been identified by ChIP-on-chip (chromatin immunoprecipitation in combination with gene microarray analysis), and the resulting data revealed that each directly controlled gene possesses at least one highly conserved Spo0A-binding site (0A box, 5 0 -TGTCGAA-3 0 ) with minor variations which may alter their affinity for Spo0AP (Molle et al., 2003) . Therefore, genes in the Spo0A regulon may be differentially controlled depending on the cellular concentration of Spo0AP over the course of starvation Fujita and Losick, 2003, 2005) .
As starvation progresses and Spo0AP levels begin to rise within the cell, most of these Spo0A-controlled genes are significantly and differentially activated or repressed depending on the Spo0AP concentration at each given time point . However, it has been suggested that the expression levels of the few essential genes controlled by Spo0A do not change significantly during growth and sporulation (Molle et al., 2003; . These essential genes include the accDA operon encoding two subunits of the enzyme acetyl-CoA carboxylase, dnaA encoding DNA replication initiation protein, dnaG encoding DNA primase, and holB encoding the d subunit of DNA polymerase III (Molle et al., 2003; . Since these proteins, are all indispensable for cell survival (Kobayashi et al., 2003) , it may be necessary to maintain their expression at a constant level during the transition phase from growth to starvation, possibly with assistance from Spo0AP for fine tuning.
In contrast to the above observations and interpretations, a recent study shows that transcription of the accDA operon is maintained at a high level during growth, diminishes at the end of growth upon starvation and then increases again after the onset of sporulation (Pedrido et al., 2013) . Furthermore, it is reported that when a 0A box located in the accDA promoter region is mutated, this 'reactivation' of accDA expression after the onset of sporulation is abolished, leading to defects in both biofilm formation and sporulation (Pedrido et al., 2013) . Thus, these data suggest that accDA is a unique Spo0A-controlled essential operon (Kobayashi et al., 2003; Molle et al., 2003; whose expression is strictly dependent on Spo0AP and is sharply down-and up-regulated during the course of nutrient starvation (Pedrido et al., 2013) .
In this study, we attempted to clarify these inconsistencies and to further understand the mechanisms regulating the Spo0A-controlled expression of the essential accDA operon. Here, we report that two 0A boxes, one previously known (0A-1) and another newly discovered (0A-2), located in the accDA promoter region are positively and negatively regulated by Spo0AP, respectively and are dispensable for both growth and sporulation, although 0A-2 is required for biofilm formation (Fig. 1) . We further show that the ACC enzyme localizes on or near the cell membrane. Collectively, our data allow us to propose a revised model of accDA gene regulation in the post-exponential growth phase (Fig. 1) .
Results
Experimental determination of the actual start codon and open reading frame for accD Two possible accD start codons have been annotated, one based on Subtilist (Moszer et al., 2002 ) and another -RNA polymerase during nutrient-rich and starvation conditions. Upon starvation, Spo0AP (the phosphorylated and thus activated form of the Spo0A transcription factor, denoted as 0AP) positively and negatively regulates transcription of accDA by binding to 0A boxes 0A-1 and 0A-2 respectively. The 235 and 210 promoter elements for r A -RNA polymerase are indicated by the blue boxes. Solid arrows indicate the orientation of the conserved 0A boxes (in green) from 5 0 to 3 0 (5 0 -TGTCGAA-3 0 ). Hatched arrows above the genes encoding the subunits for ACC (accD, accA, accB and accC) indicate the directions and units of mRNA transcription. Phenotypic outcomes produced by mutation of the 0A boxes are summarized in the table. More details can be found in the main text.
based on Subtiwiki (Lammers et al., 2010; Michna et al., 2016) . In 2013, two papers about the accDA operon were published, each based on one of the two different genome annotations (Mercier et al., 2013; Pedrido et al., 2013) . We note that the accDA operon is composed of two genes, accD and accA in this order, with the start codon of accA overlapping the C-terminal coding region of accD (Michna et al., 2016) . However, to this point there has been no clear determination of the true start codon for accD. Thus, in order to experimentally determine the actual start codon for the accD gene, the first two codons for each possible open reading frame (ORF) of accD were fused to the gene encoding green fluorescent protein (GFP) in frame. The first resulting construct was composed of TTG (Met) (Vellanoweth and Rabinowitz, 1992; Rocha et al., 1999) and TTA (Leu) followed by the coding sequence for GFP, corresponding to the ORF based on Subtiwiki (Lammers et al., 2010; Michna et al., 2016) and used in the study by Mercier et al. (Mercier et al., 2013) (Fig. 2A) , and the second construct was composed of ATG (Met) and ACA (Thr) followed by the coding sequence for GFP, corresponding to the ORF based on Subtilist (Moszer et al., 2002) and used in the study by Pedrido et al. (Pedrido et al., 2013) . As shown in Fig. 2A , the downstream construct starting from ATG (Met) is in the same reading frame as the upstream construct starting from TTG (Met). Therefore, we anticipated two potential outcomes wherein either (i) GFP expressions from both constructs are detectable [ Fig. 2B (a) and (c)], suggesting that TTG is the true start codon or (ii) GFP expression is detectable from ATG [ Fig. 2B(b) ], but not from TTG [ Fig. 2B (a) and (c)], suggesting that ATG is the true start codon. To test these possibilities, each of these resulting gene constructs was integrated into B. subtilis at the nonessential amyE locus as a single copy, and the resulting strains were cultured from growth to early sporulation in DSM (Difco Sporulation Medium) (Harwood and Cutting, 1990) . As shown in Fig. 2B , the GFP signal was detected more strongly in the cells harboring the TTG ORF annotated by Subtiwiki (Lammers et al., 2010; Michna et al., 2016) than those harboring the ATG ORF annotated by Subtilist (Moszer et al., 2002) . These results were not consistent with our predictions, but nevertheless indicated that the TTG codon annotated by Subtiwiki is the functional start codon for accD [ Fig.  2B(a) ]. Why then is the GFP signal from the in-frame ATG construct not detectable [Fig. 2B(c) ]? We hypothesized that, while the translation of two additional amino acids at the N-terminus of GFP [ Fig. 2B(a) ] is unlikely to hinder the reporter, the addition of 30 extraneous residues [Fig. 2B(c) ] may be detrimental to its stability. To test this hypothesis, we performed an immunoblot to detect GFP fusion proteins in cell extracts prepared from the TTG construct in B. subtilis (Fig. 2C, lane 2) , the ATG construct in B. subtilis (Fig. 2C, lane 3) , the TTG construct in E. coli (Fig. 2C, lane 5) , the ATG construct in E. coli (Fig. 2C, lane 6 ), wild-type B. subtilis as a control (Fig. 2C , lane 1) and wild-type E. coli as a control (Fig. 2C, lane 4) . As shown in the top panel of Fig.  2C (anti-GFP antibodies), bands corresponding to the TTG fusion [ Fig. 2B(a) ] were detected in both B. subtilis and E. coli in lanes 2 and 5 respectively. In contrast, the samples from the ATG strains in lanes 3 and 6 of Fig.  2C produced a single detectable band whose molecular mass corresponded to the longer, TTG-initiated construct predicted in Fig. 2B(c) . Interestingly, this heavier band was detected only weakly in B. subtilis (lane 3), while in E. coli (lane 6) it was detected at a similar intensity to the band in the TTG sample (lane 5). No product corresponding to Fig. 2B(b) was detected in either ATG sample (lanes 3 and 6). Taken together, these data indicate that the only GFP constructs produced by these strains are translated using the TTG start codon. Additionally, though the mechanisms are not clear, the fusion of the first 30 amino acids of AccD to the N-terminus of GFP appears to either destabilize the protein or hinder its expression in a manner specific to B. subtilis, which is likely responsible for the lack of a strong signal in the ATG construct in Fig. 2B . We note that a non-specific band with a mass similar to the hypothetical product predicted in Fig. 2B (b) was detected in the control E. coli extract (Fig. 2C top (Gitt et al., 1985) . We further note that r A exhibits a 52% absolute homology with E. coli r 70 over the entire protein and thus the detection of r 70 using anti-r A antibodies (lanes 4-6) was fainter than the authentic protein (lanes 1-3) .
AccA, the a subunit of acetyl-CoA carboxylase, associates with the membrane For detailed analysis of the cellular location of AccA and expression of the accDA operon, encoding the carboxyltransferase (CT) subunits of ACC, we constructed a strain expressing a C-terminal GFP fusion protein to AccA (a subunit of ACC) from the native promoter at the native chromosomal location as a single copy. We found that the resulting strain harboring the GFPtagged AccA subunit grew and sporulated well in DSM, indistinguishable from the wild-type strain in DSM (10 8 viable cells and spores per ml of culture). As the ACC enzyme is essential (Kobayashi et al., 2003) , these results indicate that the a-CT fusion to GFP A. Nucleotide sequence of the promoter region of the accDA operon. Proposed ribosome binding sites (blue) and the first two predicted codons (green) for two possible accD open reading frames (ORFs) are indicated as annotated by Subtiwiki (TTG TTA) (Lammers et al., 2010; Michna et al., 2016) and Subtilist (ATG ACA) (Moszer et al., 2002) . The 235 and 210 recognition sites for r A -RNA polymerase are labeled in red. B. Schematic diagrams and results for the fusion of GFP to the two ORFs for accD as annotated by Subtiwiki (top) and Subtilist (bottom). Approximate spacing (nucleotides, nt) between 210 and RBS are indicated. Possible translation products from each construct are displayed below their respective schematics and are labeled (a)-(c). Cells harboring the constructs encoding the GFP fusion to the first two predicted codons of each ORF were cultured under normal sporulation conditions in DSM medium. Fluorescent microscope images were taken 2 h after the onset of sporulation. Phase contrast images were captured as a red background. Merged images of the phase contrast and GFP are shown. Scale bar, 2 mm. C. Immunoblot detection of GFP translation products from the Subtiwiki (lanes 2 and 5, denoted by TTG) and Subtilist (lanes 3 and 6, denoted by ATG) ORFs as expressed in B. subtilis (Bs) and E. coli (Ec) cells. The cell extracts were prepared from cell cultures in DSM as described above. A 10 mg (lanes 1-3) and 2 mg (lanes 4-6) of the total proteins were analyzed by immunoblot. Translation products corresponding to predicted polypeptides (a) and (c) as indicated in panel B are labeled on the membrane. Lanes 1 (B. subtilis PY79) and 4 (E. coli DH5a) are negative controls and contain proteins from cells that do not harbor either GFP fusion construct. Detection of r A (B. subtilis) and r 70 (E. coli) is shown in the bottom panel as a loading control. Asterisks denote non-specific bands detected by the a-GFP (top) and a-r A (bottom) antibodies in E. coli. (AccA-GFP) retains its ability to function as a part of not only the carboxyltransferase domain, but the holoenzyme complex as a whole.
Upon observing the strain expressing the functional AccA-GFP from the native locus, we found that the GFP signals were primarily localized near the peripheral membrane as discrete foci during both growth and sporulation (Fig. 3Ca, Supporting Information Fig. S1 ), as previously suggested by Meile et al., though their data were not shown (Meile et al., 2006) . We speculated that these punctate signals are due to membrane association of the AccA-GFP protein. However, a search of an online protein domain database (see Experimental procedures) revealed no predicted transmembrane domains in AccA or any of the other subunits of ACC (AccB, C and D). Using a hydropathy plot (see Experimental procedures), we identified three hydrophobic regions in AccA (Supporting Information Fig. S2B ). Furthermore, A. Structure of AccA (a subunit of ACC carboxyltransferase domain) from Staphylococcus aureus (PDB accession number 2F9I) visualized with Chimera modeling software (Pettersen et al., 2004) . Truncated D50 and D150 regions are highlighted in green and blue respectively. Residue S198 (in red) corresponds to S201 in B. subtilis and is a possible candidate for the a-CT catalytic amino acid residue based on its position in the proposed S. aureus active site and the high degree of sequence homology between B. subtilis and S. aureus, as shown in Supporting Information Fig. S1 . SIM -Alignment Tool for protein sequences (Huang and Miller, 1991) Crude cell extracts were prepared from cells cultured in DSM as indicated in (C) and processed for immunoblot analysis using anti-GFP antibodies. The constitutively expressed r A subunit of RNA polymerase was detected by anti-r A antibodies and used as a loading control. Amersham ECL Full-Range Rainbow Molecular Weight Markers were used as standard and were indicated as kilodaltons (kDa). E. The total number of viable cells and spores per ml of culture were determined for cells expressing full-length AccA-GFP from the Pspank promoter in the presence of varying concentrations of IPTG as indicated. Cells were cultured overnight in DSM (20 h) and viable cells and spores were counted after 24 h incubation by plating before and after a heat treatment (808C for 10 min) as described in Experimental procedures. The data displayed represent mean values 6 standard deviations from four independent biological replicates.
we performed amino acid alignment of B. subtilis AccA with the structurally known AccA derived from Staphylococcus aureus (Bilder et al., 2006) and identified Ser201 (corresponding to Ser198 in S. aureus), which resides in the third hydrophobic region of AccA, as a possible catalytic residue based on its position in the proposed active site ( Fig. 3A and B, Supporting Information Fig.  S2 ) (Bilder et al., 2006) . These results suggest that AccA is indirectly associated with the membrane to form punctate foci. Since the carboxyltransferase subunits encoded by accDA are assembled into the ACC holoenzyme complex as a functional subunit (Cronan and Waldrop, 2002) , the holoenzyme may localize on or near the membrane.
In order to determine the amino acid residues of AccA responsible for exhibiting the punctate GFP signals, we designed a series of step-wise truncations of amino acids from the C-terminus of AccA. We considered that, if the truncated AccA is not functional, it may be lethal since ACC is essential (Kobayashi et al., 2003) . In the interest of bypassing this possible lethality and also to allow efficient protein expression from a strong IPTG-inducible promoter (Pspank or Phy-spank) (Quisel et al., 2001) , we first established a system to test whether inducing expression of accDA could sustain cell function. To this end, we constructed two strains, each harboring a full-length IPTG-inducible accDA construct on the chromosomal DNA. In one strain, the native accDA locus was left intact (two-copy) and in the other strain the native locus was disrupted, leaving the IPTG-inducible construct as the sole source of accDA expression (one-copy). To construct the two-copy strain, an operon encoding AccD and AccA-GFP was placed under the control of an IPTG-inducible Pspank promoter (Quisel et al., 2001 ) and the resulting construct was integrated into the chromosomal DNA at the dispensable amyE locus as an extra copy of the native accDA in the wild-type strain. To construct the one-copy strain, the accDA genes at the native locus in the two-copy strain were deleted by replacement with a tetracyclineresistance cassette (see Experimental procedures).
The resulting transformants were screened on LB plates containing tetracycline and varying concentrations of IPTG (0-1 mM). We found that healthy transformants from the one-copy strain grew on LB plates containing 20-50 mM IPTG. A colony was selected from the transformants grown on the LB plate with 20 mM IPTG and streaked on LB plates in the absence and presence (20 mM) of IPTG. We verified that, in the presence of 20 mM IPTG, cells of the resulting strain grew well, similar to the wild-type strain, while they grew poorly in the absence of IPTG (Supporting Information Fig. S3 ). These results support the evidence that accDA is essential for cell growth (Kobayashi et al., 2003) . We speculated that the few tiny colonies grown in the absence of IPTG might be derived from cells with leaky expression of accDA from the Pspank promoter (Supporting Information Fig. S3, panel  B) . We further verified the optimum IPTG concentration for growth and sporulation by culturing cells of the onecopy strain under sporulation conditions in DSM in the presence of varying concentrations of IPTG (0-200 mM). We found that, when DSM was supplemented with IPTG in a range of 20-50 mM, the IPTG-inducible accDA onecopy strain produced similar numbers of viable cells and spores (10 8 per ml) to those normally produced in the starving wild-type strain (Fig. 3E ). However, with high concentrations of IPTG (100-200 mM), decreased numbers of spores were observed in this strain (Fig. 3E) . We note that colony formation was measured by counting survival colonies before (viable cells) and after (spores) heat treatment (10 min, 808C) on DSM agar medium supplemented with 20 mM IPTG (see Experimental procedures). These results indicated that the expression level, but not the expression timing, of accDA is, at least in part, important for proper sporulation. Furthermore, our data show that the previously reported Spo0A-dependent accDA expression (Pedrido et al., 2013) can be bypassed, at least in part, by the inducible expression of AccDA. The importance of Spo0A on accDA expression was characterized in the following sections.
Next, we attempted to determine the domain(s) of AccA responsible for the protein's possible membrane localization. To this end, we designed two different AccA constructs, one of which was truncated 50 amino acids from its C-terminus, and the other truncated by 150 aa. These shortened constructs were fused to GFP at their C-termini and named D50 and D150 respectively. Each of these truncated AccA gene variants was placed under the control of the IPTG-inducible promoter (Pspank) as described above, and the resulting constructs were introduced at the amyE locus in the wild-type strain. Thus, we established a series of strains that each possess an inducible truncated copy of the GFP-fused AccA gene at the amyE locus in addition to the native accA gene.
To detect the expression of the GFP-fused truncated AccA variants, these strains were cultured in the presence of varying concentrations of IPTG and examined by fluorescent microscopy. However, we found that the proteins expressed in this system were not detectable in the presence of IPTG (20-100 mM), while the full-length wild-type AccA-GFP was detectable (data not shown). We suspected that the Pspank promoter was not strong enough to induce the truncated AccA protein at detectable levels. To improve these protein expressions, we reconstructed our strains under a Phy-spank inducible system, as Phy-spank activity is known to be 10-to 20-fold higher than Pspank activity under similar concentrations of IPTG (Quisel et al., 2001) . Using the Phy-spank Regulation of accDA in Bacillus subtilis 429 system, the GFP-fusion forms of the two truncated AccA constructs (D50 and D150) were expressed in the presence of varying concentrations of IPTG (20 and 100 mM). Relative expression levels were subsequently determined with immunoblot analysis using anti-GFP antibodies (Fig. 3D ). As shown in Fig. 3D , in the presence of the indicated concentrations of IPTG for the Phy-spank promoter, the cellular levels of the two truncated proteins were lower than that of the full-length wild-type form and the D150 levels were lower than the D50 levels, suggesting that the expression level or stability of the truncated AccA is decreased proportional to the length of truncation. We note that the wild-type and full-length AccA-GFP samples were derived from the native accDA promoter [ Fig. 3C(a) ] and Pspank promoter (not Phy-spank) [ Fig. 3C(b) ] respectively, and were strongly detected at similar levels with immunoblot analysis (Fig. 3D, lanes 1-4) .
Having established the truncated constructs in our two-copy system, we next attempted to delete the native locus accDA genes by replacement with a tetracyclineresistance cassette. However, in the presence of IPTG (20 and 100 mM), no transformants were obtained, in contrast to the wild-type AccA inducible system which successfully complements the native accDA gene knockout, as described above ( Fig. 3E and Supporting Information Fig. S3 ).
These results suggest that the truncated AccA proteins are either not functional (especially in the case of D150 in which the hypothetical catalytic residue S201 has been eliminated), or these expression levels are not sufficiently high to exhibit proper function. Furthermore, microscope data indicated that fluorescence intensities in the cytoplasm increased in the cells expressing the D50 fusion protein [ Fig. 3C(c) ] compared with those in the full-length AccA GFP fusion [ Fig. 3C(b) ], although many punctate GFP signals were still detected. In the cells expressing the D150 fusion protein, GFP signals were distributed uniformly in the cytoplasm and the punctate signals on or near the membranes were not detected [ Fig. 3C(d) , Supporting Information Fig. S1 ]. Since a protein domain database search failed to identify any predicted transmembrane domains in AccA, these results suggest that the a subunit of ACC may indirectly associate with the membrane through its C-terminus. Alternatively, it is possible that the AccA C-terminus enables the CT domain to interact with the rest of the ACC holoenzyme complex on or near the cell membrane.
Membrane localization of AccDA is independent of flotillin-like proteins FloTA Recent reports have suggested the existence of membrane microdomains in bacteria, which might be structurally and functionally similar to lipid rafts found in eukaryotic cells (Bramkamp and Lopez, 2015) . In the membranes of mammalian cells, membrane proteins called Flotillins are considered to be scaffold proteins that help localize other membrane proteins to specific membrane areas, such as lipid rafts (Stuermer, 2011) . Two flotillin-like proteins, FloT and FloA have been identified in bacterial membranes (Lopez and Kolter, 2010) and are proposed to serve a similar purpose (Bodin et al., 2014; Bramkamp and Lopez, 2015; Lopez and Koch, 2017) , though another study argues that FloTA do not function as scaffold proteins (Dempwolff et al., 2016) .
As described above, our data suggest that ACC (AccA-GFP) localizes on or near the membrane as punctate foci, similar to FloA and FloT (Dempwolff et al., 2016) . Considering both these observations and the ACC enzyme's essential role in the synthesis of fatty acids and membrane lipids (Pedrido et al., 2013) , we wondered whether the distribution of punctate AccA-GFP signals might be dependent on FloA and/or FloT.
To test these possibilities, we constructed a series of strains that express the functional full-length AccA-GFP fusion in a floT gene knockout (DfloT) strain, a floA gene knockout (DfloA) strain and a floT and floA double knockout (DfloTA) strain. As shown in Fig. 4 , we found that the localization patterns of AccA-GFP in the wildtype strain are indistinguishable from each of the DfloT, DfloA and DfloTA mutant strains. These results indicated that the punctate localization of AccA-GFP is independent of FloT and FloA, suggesting that membrane localization of AccDA is independent of this hypothetical membrane microdomain.
The promoter of the accDA operon contains two Spo0A boxes As indicated in the above section, we found that when AccDA proteins are synthesized during growth under the control of the IPTG inducible promoter the previously reported requirement of Spo0A for accDA expression (Pedrido et al., 2013) can be bypassed, at least in part, leading to proper sporulation. This led us to wonder how the r A -dependent accDA promoter could be sharply down and up regulated within a short period of time at the onset of sporulation as reported (Pedrido et al., 2013) , and so we decided to investigate the effect of Spo0A on accDA expression in greater detail. First, to verify the actual binding of a phosphorylated form of Spo0A (Spo0AP) to the 0A box, we introduced multiple nucleotide substitutions into the conserved 0A box sequence and performed electrophoretic mobility shift assays (EMSA). For EMSA, we established an in vitro artificial two-component system to efficiently generate Spo0AP by use of a soluble form of KinC (i.e., deletion of the transmembrane domains, named KinC DTM1 1 2 ) in the presence of ATP (Supporting Information Fig. S4 ) (Devi et al., 2015) . Using our artificial two-component system, we confirmed that the DNA fragment containing the wild-type accDA promoter region (i.e., harboring the unaltered 0A box, Fig. 5A and B, lanes 1-5) shifted in the presence of increasing concentrations of Spo0AP, as reported previously. These results indicated that Spo0A is efficiently phosphorylated by the soluble KinC in the presence of ATP, and the resulting Spo0AP binds to the 0A box located in the accDA promoter region (Fig. 5A and B, lanes 1-5) . However, unexpectedly, the mobility of the DNA fragment containing the 0A box mutation (Fig. 5A , 0A-1*) was similar to that of the wild-type promoter fragment under the same conditions (Fig. 5B, lanes 6-10) . These findings suggested the possibility of additional 0A boxes in the accDA promoter region. Another thorough inspection of the nucleotide sequence of the promoter revealed one prospective 0A box (named 0A-2) located between the 235 and 210 sites, in addition to the previously identified 0A box (now named 0A-1) located upstream of the 235 site (Fig.  5A) . In order to fully assess the actual Spo0A binding to 0A-1 and the prospective 0A-2, we prepared two additional radiolabeled DNAs containing (i) the wild-type 0A-1 and the mutated 0A-2* (0A-2*) and (ii) both the mutated 0A-1* and 0A-2* (0A-1*2*) (Fig. 5A) . When using the DNA fragment containing the mutated 0A-2*, one shifted band was still detected in the presence of increasing concentrations of Spo0AP (Fig. 5B lanes  11-15) . However, the DNA fragment containing both mutated 0A-1* and 0A-2* (0A-1*2*), exhibited little or no shift, even at high concentrations of Spo0AP (Fig. 5B,  lanes 16-20) . Further inspection of the EMSA results revealed that, when using the DNA fragment containing both the wild-type 0A-1 and 0A-2, two major shifted bands are detected in the presence of 1 and 2 mM of Spo0AP (Fig. 5B, lanes 3 and 4) . In contrast, in the presence of the same concentrations of Spo0AP, the DNA fragment containing either 0A-1* or 0A-2* showed only one shifted band while the second, further shifted band observed with the wild-type DNA fragment was less or not detectable (Fig. 5B , lanes 8-9 and 13-14). Taken together, these results indicate that the promoter of the accDA operon contains two 0A boxes (Figs 1 and 5), contrary to the previous model, which proposed only one 0A box (Molle et al., 2003; Pedrido et al., 2013) .
Two Spo0A boxes in the accDA promoter region play a role in regulating the timing of entry into sporulation It has been previously suggested that mutation of the 0A box (corresponding to 0A-1 in this study) impairs accDA expression after the onset of sporulation and leads to decreased spore formation (Pedrido et al., 2013) . As it was originally thought that the accDA promoter contained only one Spo0A recognition site (Molle et al., 2003; , no complete reports yet exist on how the disruption of Spo0AP binding to PaccDA affects sporulation. For the thorough characterization of the two 0A-boxes, we first constructed a series of strains that express the functional AccA-GFP, as in the operon accDA-gfp, under the control of (1) the wildtype accDA promoter (hereafter, wt promoter), (2) the accDA promoter containing the mutated 0A-1* (0A-1* promoter), (3) the accDA promoter containing the mutated 0A-2* (0A-2* promoter) and (4) the double mutant accDA promoter containing both 0A-1* and 0A-2* (0A-1*2* promoter). Each of the constructs was introduced at the non-essential amyE locus on the chromosome and then the accDA genes at the native locus were deleted by replacement with a tetracyclineresistance cassette. In this way, we were able to successfully establish a series of strains which express functional AccA-GFP from the wild-type and each of the mutated accDA promoter constructs on the chromosome as a single copy. In order to simultaneously examine the expression level and localization of AccA-GFP and the timing of sporulation at a single cell level, we constructed a forespore-specific r F -controlled spoIIQ promoter (Wang et al., 2006) fusion to the mCherry reporter gene (PspoIIQ-mCherry) and introduced it at the non-essential thrC locus of each of these strains. Using this strategy, we were able to monitor the localization and quantity of the ACC proteins from growth through sporulation, while also tracking the progression of sporulation events by observing the cells expressing both AccA-GFP and forespore-specific mCherry. From these strains, we first determined sporulation efficiencies by counting numbers of viable cells and heat-resistant spores after 20 h incubation (T20) in DSM. We found that all four strains exhibited similar numbers of viable cells and spores (10 8 per ml of culture), contrary to the previous data (Pedrido et al., 2013) in which sporulation efficiency was shown to be significantly decreased (10 6 spores per ml of the DSM culture conditions) in the 0A box mutant promoter strain (corresponding to 0A-1* in this study). However, during earlier stages of sporulation (T4-6), we found that the 0A box mutants produced significantly lower numbers of spores than the wild-type strain, though their viable cell counts remained comparable (Fig. 6 ). Among the three mutants, the 0A-2* mutant exhibited the lowest level of A. Nucleotide sequence of the accDA promoter region. The 235 and 210 promoter elements for r A -RNA polymerase (in blue), and the wildtype (in green) and mutated (in red) sequences of the 0A boxes are indicated. B. Results of Spo0AP binding to wild-type and mutated accDA promoter fragments as detected by EMSA. A series of 147-bp accDA promoter fragments containing two wild-type 0A boxes (0A-1 and 0A-2, lanes 1-5), the mutated 0A-1 box (0A-1*, lanes 6-10), the mutated 0A-2 box (0A-2*, lanes 11-15) and two mutated 0A boxes (0A-1*2*, lanes 16-20) were amplified by PCR using radioactive primers (om312 and om388). Purified Spo0A was phosphorylated directly by KinC DTM1 1 2 in the presence of ATP. Varying concentrations of Spo0AP (0 mM, lanes 1, 6, 11 and 16; 0.5 mM, lanes 2, 7, 12 and 17; 1 mM, lanes 3, 8, 13 and 18; 2.5 mM, lanes 4, 9, 14 and 19; 5 mM, lanes 5, 10, 15 and 20) were incubated with the radiolabeled DNA and analyzed by non-denaturing 6% PAGE (see Experimental procedures). Unbound, unshifted DNA bands are indicated by a white arrowhead. 0AP bound DNA bands (shifted and super-shifted) are indicated by the black arrowheads. Fig. 6 . Sporulation in the strains expressing accDA from the wildtype and 0A box mutant promoters. Cells expressing AccDA from the wild-type (wt, MF7415), the mutated 0A-1 box (1*, MF7757), the mutated 0A-2 box (2*, MF8161) and the double mutated 0A box (1*2*, MF8162) promoters were cultured in DSM. At the indicated times, spores were counted by plating after a heat treatment (808C for 10 min) as described in Experimental Procedures. The data displayed represent the mean values 6 standard deviations from four independent biological replicates. For statistical analysis, paired Student t-tests were conducted. P-values for mutants compared with the wild-type (wt) at each time point are indicated; *P < 0.05. Viable cell counts from culture samples plated prior to heat treatment did not vary significantly throughout the course of the experiments (10 8 order of viable cells per ml culture). spore formation during T4-6. Over the course of starvation, the numbers of spores produced by the mutants rose to eventually become indistinguishable from the wild-type. These results suggested that Spo0AP plays an important role in the regulation of the timing and level of accDA expression through binding to the 0A-1 and 0A-2 boxes in the accDA promoter region.
Next, we observed fluorescent signals from AccA-GFP in each of the four strains. GFP intensity values from the images in Fig. 7A were quantified and plotted for each time point in Fig. 7B . We found that, while the expression levels of AccA-GFP in the 0A-1* promoter mutant strain were more or less similar to those in the wild-type strain during growth (before T0) (Fig. 7A , panels a1-b1 and a5-b5; Fig. 7B , wt and 0A-1*), during sporulation in DSM (after T0) expression in the 0A-1* mutant dropped in relation to the wild-type (Fig. 7A , panels c1-j1 and c5-j5; Fig. 7B , wt and 0A-1*). By contrast, in the 0A-2* promoter mutant, we found that the expression levels of AccA-GFP remained elevated compared to the wild-type promoter strain from growth leading into the early stage of sporulation until around T0 (Fig. 7A , panels a9-c9; Fig. 7B , 0A-2*). In the 0A-1*2* promoter double mutant strain, the expression levels (Fig. 7A , panels a13-j13; Fig. 7B , 0A-1*2*) were similar to those in the 0A-1* promoter mutant (Fig. 7A , panels a5-j5; Fig. 7B , 0A-1*) throughout growth and sporulation. We note that, despite their varied levels of expression, punctate foci derived from AccA-GFP were detected on or near the membranes in all four strains tested (Fig. 7A , panels a3-j4, a7-j7, a11-j11 and a15-j15). These results suggested that 0A-1 and 0A-2 are, at least in part, positively and negatively regulated by Spo0AP respectively.
Furthermore, we observed fluorescent signals from the forespore-specific r F -dependent PspoIIQ-mCherry reporter gene together with AccA-GFP in each of the four strains. In the wild-type promoter strain, the mCherry signal was detected at around T2, as r F becomes active around that time in the forespore (Fig. 7A, panels e2-e3 and Fig. 7C ). In contrast, none of the 0A box mutant promoter strains (0A-1*, 0A-2* and 0A-1*2*) produced detectable mCherry signals at T2 (Fig. 7A , panels e6-e7, e10-e11 and e14-e15 and Fig. 7C ). However, with continued incubation, mCherry signals gradually became detectable in each of the 0A box mutants, eventually reaching levels similar to the wild type promoter strain by around T6 (Fig. 7A , panels ij2-ij3, ij6-ij7, ij 10-ij11 and ij14-ij15; Fig. 7C ).
These results indicated that, when the timing and level of accDA expression are altered by perturbing Spo0AP binding to the 0A boxes, entry into sporulation is delayed, but not prevented. Thus, we suggest that the two 0A boxes in the accDA promoter region are not absolutely required for accDA expression to allow sporulation, but are important to control the timing and level of accDA expression to allow proper sporulation in a timely manner. Finally, we found that, in the presence of a copy of the accDA operon at the native locus, similar numbers of spores are observed in each of the wildtype and 0A box mutant strains after 4 hours of sporulation in DSM cultures. These results suggest that the delay in sporulation observed in the 0A box mutants is complemented by the wild type accDA. In accordance with our findings, we have modified the previously proposed model for Spo0A-controlled regulation of accDA (Fig. 1) .
Biofilm formation is perturbed by the disruption of 0A binding to the accDA promoter region Biofilm formation and sporulation are both processes governed by Spo0A-controlled genes, and just as with sporulation, it has been previously proposed that disruption of the PaccDA 0A-1 box hinders biofilm formation (Pedrido et al., 2013) . Our finding that sporulation is delayed but not ultimately prevented by interfering with Spo0A binding to the accDA promoter prompted us to investigate the effects of 0A-1 and 0A-2 mutations on biofilm formation. To this end, we established a new series of strains in which accDA-gfp under the control of either the wild-type or a mutated promoter construct was introduced at the nonessential amyE locus on the chromosome of the undomesticated, biofilm-forming B. subtilis strain DK1042 (Konkol et al., 2013) . The native accDA locus was deleted in these strains by replacement with a tetracycline-resistance cassette to create a set of biofilm-forming strains, each with a single copy of accDA transcribed from either the wild-type or a mutated promoter. Each of these strains was grown on solid agar (Fig. 8 ) and in liquid (Supporting Information Fig. S5 ) LBGM (stimulated biofilm conditions) (Shemesh and Chai, 2013) and images were taken after 24 h of incubation at 378C. We found that colonies (Fig. 8) and pellicles (Supporting Information Fig. S5 ) formed by cells expressing accDA-gfp from the 0A-1* mutant promoter showed wrinkle structures, which are characteristic of biofilms, similar to the wild type strain (Fig. 8 , top panels A and B for wild-type and 0A-1* respectively and Supporting Information Fig. S5 , panels 9 and 13 for wild-type and 10 and 14 for 0A-1*). By contrast, the colony formed by cells harboring the 0A-2* mutant promoter for accDA expression was smooth and flat with no apparent wrinkle formation, and little or no pellicle was formed in liquid LBGM (Fig. 8 , top panel C, Supporting Information Fig. S5 , panels 11 and 15) as compared with the wild-type (Fig. 8, top A. Cells expressing AccDA-GFP from the wild-type (wt, MF8204), the mutated 0A-1 box (0A-1*, MF8205), the mutated 0A-2 box (0A-2*, MF8206) and the double 0A box mutated (0A-1*2*, MF8207) promoters, together with a forespore specific r F -controlled spoIIQ promoter fusion to the mCherry reporter gene (PspoIIQ-mCherry) were cultured in DSM. At the indicated times, images were taken. Scale bar, 2 lm. B. Images represented in panel A were processed for statistical analysis. GFP intensity values at each time point were measured as arbitrary units and their distributions were plotted. Horizontal bars indicate the mean intensity at each time point. Foci from at least 100 cells were sampled for each image. C. Cells expressing mCherry in the images represented in panel A were designated as sporulating cells and scored as a percentage of the total cell count in each image. More than 1,000 cells for each strain were counted.
Information Fig. S5 , panels 9 and 13), the 0A-1* mutant (Fig. 8, top panel B, Supporting Information Fig. S5 , panels 10 and 14) and the 0A-1*2* double mutant promoters (Fig. 8, top panel D, Supporting Information Fig.  S5 , panels 12 and 16). While wrinkles were formed in both the 0A-1* and 0A-1*2* mutant strains, these structures and colony sizes were varied; in the 0A-1*2* strain, wrinkle formation appeared stimulated compared to the other strains (Fig. 8, top panel D) . Notably, we found that cells expressing accDA-gfp from the 0A-1*2* double mutant promoter consistently formed much larger colonies and more robust biofilm architecture on LBGM plates than any of the other three strains (Fig. 8, panel  D) . These results suggested that cells rely strongly on Spo0AP binding to the 0A-2 box to fine-tune the expression of AccDA and allow proper biofilm formation, while the 0A-1 box is dispensable for this process.
In order to simultaneously examine the expression levels of AccA-GFP and the timing of biofilm formation at single cell levels, we constructed an mCherry reporter gene fused to the promoter of the biofilm marker gene tapA (PtapA-mCherry) (Chu et al., 2006) and introduced it at the non-essential thrC locus of each of the strains expressing AccA-GFP under the control of the wild-type and 0A box mutant promoters. TapA plays an essential role in biofilm formation by anchoring the cell surface to assemble an extracellular matrix (Romero et al., 2014) , and tapA expression is known to be positively regulated by Spo0AP in an indirect manner (Furbass et al., 1991; Chu et al., 2006; Strauch et al., 2007; Ogura, 2016) . Using these strains, we monitored the localization and quantity of the GFP-tagged AccA proteins, as well as observing patterns of biofilm gene expression through PtapA-controlled production of mCherry. To this end, cells were taken from three different zones, designated as the peripheral, medial and central zones from the outside to the inside of the colony (as shown in the schematic drawing in Fig. 8 ), and were observed at the single-cell level under a fluorescent microscope. In colonies formed by cells harboring the wild type, 0A-1* and 0A-1*2* promoters, mCherry signals were observed less at the periphery and center of the colonies, but appeared stronger in the medial region between them (Fig. 8, lower panels ABD) . In sharp contrast, the 0A-2* mutant produced mCherry signals which were significantly more intense and were detected uniformly throughout the cell population with no apparent bias between the peripheral, medial and central regions (Fig.  8, lower panels C) . Next, we tested whether the phenotypic effects on biofilm formation caused by the 0A box mutations are complemented with a copy of the wildtype accDA operon at the native locus. To this end, we constructed each of the strains expressing AccDA from the wild type, 0A-1*, 0A-2* and 0A-1*2* promoters at the amyE locus in the wild type strain back ground. We found that the deficiency of pellicle formation caused by Regulation of accDA in Bacillus subtilis 435 the 0A-2* mutant promoter for accDA expression is restored by the wild-type copy of accDA at the native locus (Supporting Information Fig. S5 , panels 3, 7, 11 and 15). Although the mechanism(s) is not clear at this point, these results suggest that the deregulated expression of AccDA that results from a lack of Spo0AP binding to the 0A-2 box leads to abnormal expression of the gene(s) involved in biofilm formation and, ultimately, a deficiency of biofilm formation.
Discussion
Previously, two possible accD start codons were annotated by Subtiwiki (Lammers et al., 2010; Michna et al., 2016) and Subtilist (Moszer et al., 2002) without any validating biological evidence. In this study, we have experimentally determined the true start codon of accD for the first time. Our results revealed that the accD start codon annotated by Subtiwiki (Lammers et al., 2010; Michna et al., 2016) is correct.
A recent study reports that, in starving B. subtilis cells, Spo0A is essential for expression of the accDA operon, encoding two subunits of the enzyme acetyl-CoA caboxylase (Pedrido et al., 2013) . Since ACC is an essential enzyme that catalyzes the first committed step of fatty acid synthesis, it is proposed that Spo0A plays a key role in supporting de novo fatty acid synthesis that is required for biofilm formation and sporulation (Pedrido et al., 2013) . Fig. 8 . Fluorescent microscope analysis of biofilm formation in the strains expressing accDA from the wild-type and 0A box mutant promoters. Cells expressing AccDA-GFP from the wild-type (wt, MF8295) (A), the mutated 0A-1 box (0A-1*, MF8296) (B), the mutated 0A-2 box (0A-2*, MF8297) (C) and the double mutated 0A box (0A-1*2*, MF8298) (D) promoters, together with a fusion of the biofilm promoter PtapA to the mCherry reporter gene (PtapA-mCherry) were grown on LBGM agar for 24 h at 378C. Cells were taken from the peripheral (P), medial (M) and central (C) zones of each colony, as indicated in the schematic drawing of the colony at the top right, and observed under the fluorescent microscope (lower panels, 1-7).
Spo0A has been identified as the master transcriptional regulator for genes involved in biofilm formation and sporulation (Hoch, 1993; Grossman, 1995; Branda et al., 2001; . Among the many genes of the Spo0A regulon, each gene directly influenced by Spo0A possesses at least one highly conserved 0A box (5 0 -TGTCGAA-3 0 ) in its promoter region which is bound by Spo0AP (Molle et al., 2003) . The accDA operon has been identified as one of the rare essential members of the Spo0A regulon (Molle et al., 2003) . It is also suggested that the accDA operon is transcribed by the housekeeping r A -RNA polymerase during growth and sporulation (Pedrido et al., 2013) . Therefore, these previous data suggest that expression of the accDA operon is controlled by both r A -RNA polymerase and Spo0AP in a direct and strict manner when cells are starved for nutrients.
In this study, we have provided evidence that (i) the accDA promoter contains two 0A boxes; one (previously known as the 0A box, now renamed 0A-1) (Molle et al., 2003; Pedrido et al., 2013) is located upstream of the 235 promoter sequence and another (named 0A-2, which is newly identified in this study) is located between the 235 and 210 promoter sequences, (ii) 0A-1 and 0A-2 are positively and negatively regulated by Spo0AP respectively, (iii) Spo0AP regulates the level and timing of accDA expression by binding to the two 0A boxes, but is not absolutely required for accDA expression to maintain cell growth and sporulation and (iv) however, Spo0AP binding to 0A-2 is essential for proper biofilm formation; without Spo0AP binding to 0A-2, biofilm formation becomes defective.
Based on these data, we propose a revised model in which (i) expression of accDA is mainly directed by r A RNA polymerase during growth and starvation, (ii) Spo0AP ensures the proper level and timing of accDA expression upon starvation and thus (iii) Spo0AP plays a role in the fine-tuning of accDA expression, which is essential for biofilm formation and supports proper entry into sporulation, though this is not ultimately required for sporulation to occur. Therefore, the data presented here allow us to revise the previously proposed model by Pedrido et al., in which Spo0AP strictly modulates expression of accDA upon starvation (Pedrido et al., 2013) . In the previous model, without Spo0AP binding to the 0A box (now renamed 0A-1) in the accDA promoter region, little or no expression of accDA occurred upon starvation. As a result of the decreased Spo0A-controlled expression of accDA, the cellular level of ACC was significantly reduced, leading to insufficient lipid synthesis. Finally, the reduced lipid synthesis reportedly caused defective biofilm formation and sporulation during nutrient limitation (Pedrido et al., 2013) .
Our study now reveals that, during the course of nutrient starvation, expression of accDA is both positively and negatively regulated by the binding of Spo0AP to the 0A-1 and 0A-2 boxes respectively. When the transcription of accDA is altered by removing either or both of these 0A boxes from the accDA promoter region, sporulation timing is delayed by a few hours early on, but is restored with prolonged incubation. When the positively regulated 0A-1 box is removed from the accDA promoter region, little or no effect on biofilm formation is observed. In contrast, when the negatively regulated 0A-2 box is removed, biofilm formation is significantly impaired, possibly as a result of the increased expression of AccDA during growth and the early stages of nutrient starvation. Interestingly, the removal of both 0A-1 and 0A-2 from the accDA promoter appears to restore biofilm formation and, on LBGM (stimulated biofilm conditions) (Shemesh and Chai, 2013) , even enhance the process. While the phenotype of each of the 0A box mutants is evident, the exact mechanisms by which their perturbed expression of AccDA causes inadequate biofilm formation and/or delayed sporulation are unclear. In the future, as a first step to understand the mechanisms of the regulations described above, we will determine which genes (such as tapA) are influenced by the perturbed expression of AccDA and how those genes are controlled under such circumstances.
It is generally known that the housekeeping r A -RNA polymerase is essential not only for growth (Kroos and Yu, 2000) , but also sporulation since the mother-cell specific increase in the transcription of the spoIIG operon, encoding the mother-cell specific r E factor and its regulator, is dependent both on r A -RNA polymerase and Spo0AP (Fujita, 2000; Fujita and Losick, 2003) . We note that the r A -dependent spoIIG promoter has an extended spacer (22 bp instead of the regular 17 bp) between 235 and 210 promoter elements (Kenney et al., 1988) . Due to this extended spacer, the spoIIG promoter is unable to be transcribed solely by r A -RNA polymerase during growth (Kenney et al., 1988) . Instead, once Spo0A is activated by phosphorylation upon starvation, Spo0AP directly binds to the promoter's 0A box and then interacts with and stabilizes the r A subunit in the RNA polymerase holoenzyme, leading to transcription of the spoIIG operon (Bird et al., 1993; Baldus et al., 1994; Schyns et al., 1997) . It is possible that Spo0AP plays a similar r A -stabilizing role at the 0A-1 box in the accDA promoter. Based on the above described observations and data, we initially wondered how the r A -dependent accDA promoter could be sharply down-and up-regulated by Spo0AP within a short period of time during the transition between growth and sporulation as reported in the study by Pedrido et al. (Pedrido et al., 2013) . Here, it is
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clearly indicated that our present results concerning the regulation of the accDA promoter by r A -RNA polymerase and Spo0AP are consistent with the notion that r A -RNA polymerase is constitutively active during growth and the early stationary or sporulation phases (Fujita, 2000) . While the exact reasons for the discrepancies between the previous study (Pedrido et al., 2013) and ours are not clear, we propose that Spo0AP plays an additional role in the fine tuning of accDA expression upon starvation, as it does in several other directly controlled Spo0A regulon genes, including the essential dnaA, dnaG and holB genes (Molle et al., 2003; .
The other important finding from our present study is that ACC localizes on or near the membrane. Previously, AccA and AccD have been reported to be localized at a membrane proximal site by the systematic study of the localization of over 100 B. subtilis proteins (Meile et al., 2006) . We note that the previous study used a xylose-inducible promoter to express a GFP fusion form of each of the proteins in the wild-type strain background. Therefore, due to overexpression of each of the GFP fusion proteins from the xylose inducible promoter, the conditions might not necessarily be physiological. Furthermore, it is unclear whether the GFP fusion proteins used are functional since no data for functionality are provided in that study (Meile et al., 2006) . Here, we have confirmed that our AccA-GFP construct is a functional protein fusion under the control of the native accDA promoter at the native locus on the chromosomal DNA. To the best of our knowledge, the data we have presented here constitutes the first report revealing the membrane localization of ACC in bacteria. The membrane-proximal localization of ACC might be a reasonable strategy for the cell to facilitate the immediate supply of newly synthesized fatty acids for membrane biogenesis.
Furthermore, our study shows that the C-terminal region of AccA may be responsible for the membraneproximal localization and/or stabilization of the protein (Fig. 3 and Supporting Information Fig. S1 ). Since there are no known transmembrane domains in any of the subunits of ACC, the membrane-proximal localization of ACC might be mediated indirectly by as-yet unidentified proteins or enabled by lipidation of one or more subunits. However, we have provided evidence that AccDA membrane association is independent of the hypothetical membrane microdomain formed by the flotillin-like proteins FloTA. For our study on ACC localization, we have established an IPTG-inducible AccDA system in an accDA knockout strain. In the presence of an appropriate concentration of IPTG, we found that the engineered cells can grow and sporulate, similar to the wild-type strain. In the future, this inducible system will be a useful tool to further examine the essential elements of the enzyme activity and localization. Thus, the highly conserved and essential ACC enzyme might be a potential target for the development of strategies to combat bacterial growth, especially in pathogenic species.
Experimental procedures

Strains
All strains are listed in Supporting Information Table S1 . The B. subtilis strains used in this work are derived from either the prototrophic laboratory wild-type strain PY79 (Youngman et al., 1984) , a derivative of strain 168 (Zeigler et al., 2008) , or the undomesticated and naturally competent 3610 comI Q12L (DK1042) strain (Konkol et al., 2013) , a derivative of strain NCIB3610 (Branda et al., 2001) . B. subtilis strains were constructed by transformation with either chromosomal DNA or plasmid DNA as described by Harwood and Cutting (Harwood and Cutting, 1990) . The standard recombinant DNA techniques including plasmid DNA construction and isolation using Escherichia coli DH5a were performed as described by Sambrook and Russell (Sambrook and Russell, 2001 ). The plasmids used in this study are listed in Supporting Information Table S2 . The oligonucleotide primers used are listed in Supporting Information Table S3 . Detailed descriptions of the strain and plasmid construction procedures are provided in the Supporting Information. Plasmids pDR110 and pDR111 were gifts from David Rudner (Harvard Medical School) (Britton et al., 2002) . The DaccDA::tet insertion-deletion allele was generated by long flanking homology PCR using primer pairs om284/om285 and om286/om287 with PY79 chromosomal DNA as a template (Wach, 1996) . Plasmid DNA from pDG1515 containing a tetracycline drug resistance gene was used as a template for marker replacement (Gu erout-Fleury et al., 1995) . Plasmids pDG1664 (thrC integration vector) (Gu erout-Fleury et al., 1996) and pDG1730 (amyE integration vector) (Gu erout-Fleury et al., 1996) were used for cloning of the DNA fragments. The resulting plasmids were inserted by double crossover recombination into either the thrC or amyE locus of the B. subtilis chromosome.
Media and culture conditions
Luria-Bertani (LB) medium (Sambrook and Russell, 2001) was used for routine growth of E. coli and B. subtilis. Difco sporulation medium (DSM) was used for sporulation of B. subtilis (Harwood and Cutting, 1990) . LBGM (Shemesh and Chai, 2013) was used for biofilm formation of B. subtilis. Cell growth in liquid media was measured in a spectrophotometer by reading the optical density at 600 nm (OD 600 ). When making solid agar media, 1.5% agar was included.
For sporulation assays, cells were pre-cultured in nutrient-rich LB at 378C to stimulate the germination of any pre-existing viable spores and synchronize cell growth. Cells were then transferred to DSM and shaken at 378C until the indicated times. The total numbers of viable cells and spores in the starvation cultures were determined by counting colonies grown on DSM agar plates before and after heat-kill of the serially diluted cells at 808C for 10 min respectively. Detailed conditions are described in the figure legends.
For assessment of colony and wrinkle formations of the undomesticated B. subtilis strains, a single colony of each strain grown on an LB agar plate was inoculated in 5 ml LB in a glass culture tube. The tube was shaken overnight at 288C at 200 revolutions per minute (rpm). The overnight culture was diluted in 10 ml of fresh LB at OD 600 5 0.05 in a 250 ml glass flask. The flask was shaken at 378C at 150 rpm until OD 600 5 0.5 and then 2 ml of the LB seed culture was spotted on LBGM (Shemesh and Chai, 2013 ) agar plates and incubated at 378C. For pellicle formation, 10 ml of the LB fresh seed culture was inoculated into 2 ml of LBGM in a glass test tube (15 mm diameter) and incubated at 378C without agitation. Colony and pellicle images were taken at 24 h.
When appropriate, antibiotics were included at the following concentrations: 10 mg ml 21 of tetracycline, 100 mg ml 21 of spectinomycin, 20 mg ml 21 of kanamycin, 5 mg ml 21 of chloramphenicol and 1 mg ml 21 of erythromycin. Isopropyl beta-D-thiogalactopyranoside (IPTG) was added to the medium at the indicated concentrations when appropriate.
IPTG-inducible accDA strains were grown under similar conditions to the non-inducible strains, with the addition of IPTG to culture media where appropriate. All inducible strains featuring the disrupted accDA native locus were grown on LB and DSM plates supplemented with 20 mM IPTG to prevent lethality. Prior to DSM culture, all strains were inoculated in 5 ml LB supplemented with 20 mM IPTG in a glass culture tube and shaken overnight at 288C at 200 rpm. The overnight culture was transferred to 10 ml of fresh LB media supplemented with 20 mM IPTG at OD 600 5 0.05 and shaken at 378C at 150 rpm until OD 600 5 0.5. Cells were then collected by centrifugation at 6000 3 g for 5 min, washed with 10 ml of fresh, nonsupplemented LB media, and transferred to 20 ml DSM supplemented with the appropriate concentration of IPTG (specified in figures) at OD600 5 0.05. DSM cultures with and without IPTG supplementation were shaken at 378C at 150 rpm for the specified times.
Microscopy
Cells expressing fluorescent proteins were examined using a fluorescence microscope (Olympus, model BX61) with an Olympus UPlanFL N 100x Microscope Objective. The microscope system control and image processing were performed using SlideBook image analysis software (Intelligent Imaging Innovations, Inc.).
Search for protein domain architectures using SMART analysis service
The SMART online analysis program was used to search for possible transmembrane domain architecture in ACC subunits. URL http://smart.embl-heidelberg.de/smart/set_ mode.cgi?NORMAL51
Amino acid sequence alignment
An online tool SIM-Alignment Tool for protein sequences was used (Huang and Miller, 1991) . URL https://web. expasy.org/sim/
